Introduction
Western Japan's Shikoku Island has a high density of active landslide sites. Of particular concern among these is a landslide known as the Nuta-Yone Landslide Site (NLS) near the border between Kochi and Tokushima prefectures (Figure 1 ). The NLS is located close to the Mikabu tectonic zone, and experiences frequent seismic activities. The geological features of the NLS are characterized by the Mikabu Geological Belt, which separates the Sambagawa and Chichibu Geological Belts. The primary bedrock of the landslide mass is greenstones of the Mikabu belt, which consists of less metamorphosed basalt, dolerite and metamorphic pyroclastic rocks. The NLS consists of two major clusters of landslides, known as Nuta and Yone. Each of them consists of several active sliding blocks. This study focuses on one of the blocks under the Nuta cluster. Monitoring of this site has been going on for the past four decades. Various preventative measures have also been taken during this time to impede the rate of ground movement at the NLS, but limited success has been achieved, although the rate of ground movement seems to have slowed. Lowering of the water table was achieved by constructing a network of underground horizontal drains, vertical collection wells and surface drains. Lowered pore water pressure at the slip surface has increased the factor of safety (FOS) of the sliding blocks, but due to the high rainfall rate and groundwater recharges from the hills above the NLS, the FOS of the sliding blocks is still in the creep movement zone. Consequently, the ground still moves every day, although at creeping rate. A program to further drain the hill slope by expanding the network of horizontal drains is under way.
In this study available relevant data of the NLS were collected and analyzed to find the relationship among the different parameters. A three-dimensional (3D) transient groundwater flow model of the site was constructed to simulate fluctuations in pore water pressure and the FOS at one of the sliding blocks at the NLS. The results showed that time series correlation analysis between hydrological parameters and ground surface movement (GSM) using long-term data at a creeping landslide site is of limited use for predicting future ground movement from hydrological data. As long as the FOS of the slope is in the creep movement zone, a creeping landslide may slide at a constant rate when hydrological parameters are fluctuating, and vice versa. Event-based modeling, however, showed better relations between pore water pressure and GSM, and also illustrated the reason for low correlation between rainfall and GSM at the NLS. 
Methodology
To understand the nature of collected data at the NLS, time-series analysis of the parameters was carried out. The parameters tested were rainfall, borehole water surface elevation (WSE) and GSM. Correlation analyses were carried out between (a) rainfall and WSE, (b) rainfall and GSM, and (c) WSE and GSM.
Borehole logs and borehole soil samples were checked to find the distribution of soil types in the study area. Based on the analysis of the data, 3D cross sections of the boreholes were plotted to obtain a continuous distribution of soil types within the study area. Based on laboratory test results, each soil type was assigned specific values of various hydrological parameters, such as specific storage and hydraulic conductivity.
The area of the NLS with the highest density of available pertinent data was selected for computer modeling (Figure 2 ). The circles in Figure 2 represent borehole locations. A suitable public domain computer code named Modular Three Dimensional Ground Water Flow and Transport Model (MODFLOW) was used for groundwater flow simulation (USGS, 2000) . A transient 3D groundwater flow model of the study area was calibrated using measured water surface elevations at different boreholes as calibration values.
The modeling area consisted of two sliding blocks -N2-2 and N2-3, as shown in Figure 2 . Both blocks are sliding towards the river (Minamidaiogawa) in a westerly direction. Based on the resulting head distribution of transient model run of a particular period, fluctuation in representative 3D pore water pressure at the slip surface of the N2-2 block for that period was calculated. The correlation between pore water pressure and GSM data was calculated for the period. There are several boreholes at the NLS used for monitoring landmass displacements. Based on the differential movement of boreholes, the three-dimensional slip surface of the N2-2 block was obtained. The N2-2 block was divided into equidistant sections. Using the resulting head distribution from the groundwater flow model, the FOS of each section for each day of simulation (26 sections for 35 days) was calculated by Janbu's two-dimensional slope stability analysis method (1956) . The equivalent 3D FOS of the N2-2 block was calculated for each day of the simulation by using the area-weighted average method. Fluctuation in the equivalent 3D FOS of the N2-2 block was related to the correlation between rainfall and GSM at the NLS.
Results and discussions
The results and discussions related to time series analysis, correlation analysis, groundwater flow modeling, pore water pressure calculation and FOS calculations are as follows:
Time series analysis
Daily rainfall was recorded at the NLS using automatic rain gauge. The plot of rainfall records (Figure 3) showed several breaks in the data. The highest recorded 24-hour rainfall at the NLS occurred on September 24, 1998. To check the consistency of the rainfall data at the NLS, rainfall data from the two nearest meteorological stations, Kyojo and Motoyama, were collected and correlated with the NLS rainfall data. The correlations (r 2 value) between the annual rainfall at the NLS and Kyojo and that between the NLS and Motoyama were 0.78 and 0.86, respectively. However, the r 2 values for daily rainfall between the NLS and Kyojo and between the NLS and Motoyama were 0.5 and 0.61, respectively. The higher values for annual and the lower ones for daily rainfall indicate that the trend of rainfall at the NLS is the same as the trend in the region, but the correlations among the three rainfall stations are not strong enough for the missing rainfall values at the NLS to be filled by using data from the other stations. The reason for the lower correlation in daily data is perhaps the daily variations in temporal and spatial data. The plotting of water surface elevation (above mean sea level) at the NLS at different boreholes showed breaks in the data ( Figure  4 ). Some of the data breaks occurred at critical times, as when there are records of high intensity rainfall or a high rate of GSM. At most of the boreholes WSE were consistently higher before 1998. The drop in WSE at different boreholes before and after 1998 varied from less than 2 m to more than 20 m. Lower WSE at the boreholes after 1998 can be attributed to the effects of a network of underground horizontal drains, vertical collection wells and surface drains. Most of the horizontal drains in the network went into operation around July 1998. The variation in the drop of WSE at different boreholes after 1998 depended on the closeness of a borehole to the drain network. Boreholes farthest from the The GSM at the NLS were monitored by various methods, including global positioning systems (GPS). GPS No. 2 is within the model area, as shown in Figure 2 . As in the case of rainfall and WSE data, there are numerous data breaks in the GSM data. Again, some of the data breaks were during critical times, when there are records of high intensity rainfall. Plotting of horizontal radial GSM at GPS No.2 showed that there is daily fluctuation in the data. The GSM data monitored by GPS show daily fluctuations in studies carried out by other researchers also (Chadwick et al., 2005 and Coe et al., 2000) . However, the range of daily variation is within a few millimeters. The rate of GSM at the NLS was fairly constant (0.1 mm/day) from April 1996 to August 1998 ( Figure 5 ). The GSM rate suddenly increased to 0.7 mm/day in September 1998, which can be attributed to the record high rainfall in that period, as shown in Figure 3 . The horizontal radial GSM rate declined gradually and consistently after September 1998. The average GSM rate in 1999 and 2000 was 0.05 mm/day, which further fell to 0.02 mm/day in 2001. The decline in GSM rate at the NLS can be attributed to the lowering of the water table elevation at the NLS and the consequent lowering of pore water pressure at the slip surfaces of the sliding blocks by the network of horizontal and surface drains.
Correlation analysis
Correlation analyses between daily values of rainfall, borehole WSE and horizontal GSM were conducted with two variables at a time. The results of the analyses showed that the correlation between any of the two variables was low. One of the reasons for the low correlation is the data breaks at critical times: All three data sets have several breaks in the data. The other reason could simply be faulty data. There are many examples from the monitoring of different boreholes when the quality of the WSE data is questionable. Although the overall trend of GSM data indicated a gradual departure of GPS location from the initial position, the daily horizontal distance between the initial location and the new location fluctuated.
The relation between daily rainfall and daily WSE at the boreholes was found to be non-existent (average r 2 value = 0.1) when the overall data were considered, and there was very little improvement in correlation even when time lags between rainfall and increase in WSE were considered. The time lag between a rainfall event and consequent rise in WSE at boreholes is a function of several interdependent variables, such as location and pattern of rainfall, antecedent moisture content and infiltration capacity of top soil, ground cover, and horizontal and vertical hydraulic conductivity of the soil materials. Shiraishi et al. (2003) found that the time lag between peak rainfall event and peak rise in WSE at different boreholes at the NLS varied up to 40 days. The result of this analysis showed that a rainfall event of a specific intensity or amount cannot be used to reliably predict changes in WSE at boreholes at the NLS. The relation between rainfall and WSE may improve if more rainfall stations at different locations are installed at the NLS.
Correlation (using all available data) between daily rainfall and daily horizontal GSM data was extremely low, even when time lags were considered (r 2 = 0.11) when a specific constant time lag was assumed. There was slight, although very marginal, improvement in the r 2 value when selective time lag was used. Under selective time lag, any rise in GSM between 0 to 8 days after a rainfall event was associated with the rainfall event. With selective time lag, the average r 2 value between rainfall and GSM was 0.25. On a year-to-year basis, the correlation between daily rainfall and daily horizontal GSM varied from 0.5 to 0.1. The main reason for the low correlation is perhaps the nature of the creeping landslide. Patton (1984) indicated that a creeping landslide keeps sliding at creep rate as long as the FOS of the sliding mass is within a range slightly above 1. The landslide at the NLS is of the creep type and has a high groundwater table. A rainfall event that may last only one day can keep the FOS value of the sliding block within the range of creep movement for several days. There are hills above the N2-2 sliding block. Groundwater recharge from the hills to the slip surface of the N2-2 block can keep the FOS of the N2-2 block in the creep range even when there is no rainfall at the NLS for several days. So, the land keeps sliding at creep rate even when there is no rainfall event. This phenomenon brings the correlation value down. Another reason for the decrease in correlation value is the effect of a following rainfall event before the effect of a preceding rainfall ceases. In hydrological analysis, when two or more specific rainfall events occur very close to each other, the resulting hydrograph is a complex one, and there are specific techniques to separate the effects of each rainfall event on the hydrograph. However, in the analysis of the effects of two or more storm events occurring close to each other on GSM there are no such straightforward techniques.
Correlations between WSE and horizontal GSM at GPS No. 2 were low when all the available daily GSM data and daily WSE data at the NLS were considered (r 2 values = 0.12). Correlation was carried out again for the data of September 1998, which exhibited a dif- Table 1 r2 values between water surface elevation and ground surface movement at different boreholes with time-shift of 4 days. ferent rate of GSM compared to other times ( Figure 5 ). The reasons for selecting this time were that (a) the GSM rate during this time was the highest, (b) WSE data were unbroken at most of the boreholes, and (c) GSM data were unbroken. For September 1998, the average r 2 values between WSE and GSM with a time shift of four days was 0.35 (Table 1) . At Ns-13, the r 2 value was higher (0.42), with a time shift of five days, which again shows the heterogeneous nature of the geological formation at the NLS. The lower r 2 value at borehole No.5 is probably due to its location, which is far from the GPS No.2 location, and its vicinity to the Minamidaiogawa. WSE at borehole No. 5 is more influenced by the river water elevation than by general groundwater flow in the N2-2 block. At borehole No.8 the r 2 value was 0.53 for this time period. This improvement in correlation between WSE and GSM shows a link between the borehole WSE and GSM.
Although rainfall recharge is the basic cause of landslides at NLS, the results of the correlation analyses indicated that the time series data of rainfall are of limited use in predicting creep movement at the study site. There are many other competing variables that affect the relation of rainfall with WSE and GSM. The time series WSE data at different boreholes do show relation with GSM, although with a time shift. However, due to the heterogeneous nature of the soil properties, WSE at each borehole showed different degrees of relationship with GSM. Hence, predicting GSM based on WSE at specific boreholes will not be very reliable.
Groundwater flow modeling
Using a public domain finite difference method-based computer code called MODFLOW, a 3D groundwater flow model of an area inclosing sliding blocks N2-2 and N2-3 was developed. The model domain was divided into 75 rows and 80 columns (horizontally), each of size 6 m x 6m, and into three layers. The vertical division of the model depended on the changes in soil type, as indicated by changes in hydraulic conductivity (K) of the soil. The thicknessess of each soil type varied spatially, so the thickness of each model cell varied accordingly. The boundary conditions of the model were set based on topography and other field values. The model cells that lie to the west of Minamidaiogawa were made inactive, since these cells do not contribute to groundwater flow in the area covered by the N2-2 and N2-3 blocks. The existing horizontal drains at the study site were set as drain cells in the model. Known springs were modeled as constant head cells. Flow into the model depended on the head value assigned to the cells representing the hills in the eastern boundary; flow out of the model depended on the head value assigned to the cells representing Minamidaiogawa on the western boundary. In the transient model, the head values assigned to the eastern and western boundary cells depended on the expected ratio of rainfall recharge for the particular stress period. Figure 7 is an example of match between measured and model-predicted WSE values at one of the boreholes (Ns-18, row 35, column 61). The application of the model indicated that the effect of the horizontal drains in reducing WSE at different boreholes depended on various factors, such as (a) hydraulic conductivity distribution between the drain and the boreholes, (b) the distance of the borehole from the drain, and (c) recharge rate in the vicinity of the drains. Moreover, in transient simulation, the recharge rate varied in each stress period. Hence, the minimum distance for a drain to have an effect in drop in WSE varied from one drain set to the next, and from one stress period to the next.
Pore water pressure
The area of the model representing sliding block N2-2 was divided into 26 equidistant sections. The slip surface elevation of the N2-2 block at each section was obtained to create a 3D representation of the sliding soil mass. The calibrated transient model was run to obtain head distribution in the N2-2 block area from August 27 to September 30, 1998, using 35 stress periods, each stress period representing one day. The difference between the resulting hydraulic head (not WSE) and the slip surface elevation was used to calculate the pore water pressure at the slip surface at each model cell. At locations where the slip surface was located in a model cell in lower layers, the resulting hydraulic head from the cell of the corresponding layer was used to calculate the pore water pressure. A representative average 3D pore water pressure at the slip surface of the whole block for each stress period was calculated by taking the area-weighted average of each section of the N2-2 block. A plot of variation in 3D pore water pressure at the slip surface of the N2-2 block and GSM data for the same time shows a better relation between the two variables ( Figure 8) GSM. The pore water pressure resulting from the groundwater model incorporates the combined effects of rainfall recharge and groundwater recharge from the hills above the model area to the cells representing the slip surface of the sliding block. The relatively better correlation between variation in 3D pore water pressure and GSM data seems to indicate that pore water pressure is a better indicator of potential movement of a creeping landslide than rainfall or WSE. There will always be a limit in the correlation in the day-to-day scale time series analysis between pore water pressure and GSM data at a creeping landslide site because, as Figure 8 shows, after each episode of relatively big GSM the rate of GSM drops, even if the pore water pressure remains constant. The reason for the drop in GSM is not clear. There could be several reasons, one of them being change in the slope soil after each episode of landmass displacement.
Factor of safety (FOS)
At a creeping landslide site the slope soil keeps sliding down as long as the pore water pressure is high enough to maintain an FOS value in the creep movement range, regardless of whether there is rainfall or not. To test if the resulting FOS values of the N2-2 block lie in the range of creep landslide, using the output from the 3D groundwater flow model, the FOS of each of the 26 sections of the N2-2 block were calculated separately for each day from August 27 to September 17, 1998, with Janbu's two-dimensional slope stability analysis method. The two-dimensional FOS values of each section for each stress period were combined to obtain fluctuation in the equivalent 3D FOS value of the entire N2-2 block by using the method of Lambe and Whitman (1979) . In this method, the equivalent 3D FOS is calculated as the area-weighted average of each of the two-dimensional FOS values. Loehr et al. (2004) proposed a new method of calculating quasi-3D FOS, called the "resistance weighted method," which is more suitable for simple and complex sliding masses with bigger sections at the edges but involves more calculations. The N2-2 sliding block was relatively simple, with smaller sections at the edges and bigger sections at the central portion of the mass; hence Lambe and Whitman's method was considered suitable for this study. The results of this analysis showed that the equivalent 3D FOS of the N2-2 block was indeed within the range of creep movement. As shown in Figure 9 , the 3D FOS of the N2-2 block fluctuated between 1.04 and 1.02. This range of fluctuation is within the creep movement zone indicated by various researchers (Patton, 1984; Yagi et al., 1989) . Between August 27 and September 17, rainfall occurred only on four days (September 5, 6, 14 and 15) , and the average rate of rainfall during this time was very low (2.3 mm/day). On 18 out of 22 days there was no rainfall at all, but the FOS did not increase enough to make the slope stable. The reason for the sustained low FOS value is the groundwater recharge from the hills above the N2-2 block. The FOS did decrease as a result of rainfall events, but not enough to cause a complete collapse of the slope. Figure 9 clearly shows the reason for the low correlation between rainfall and GSM at a creeping landslide site. In fact, the r 2 value between rainfall and GSM for this range of data was 0.09, showing no apparent relation between them.
Conclusions
Different available hydrological time series data were analyzed to find their relation to creeping landslide movement data at the NutaYone Landslide Site. Rainfall recharge is a basic cause of landslides at the study site, but due to data breaks, extreme variation in time lag between rainfall periods and the associated rise in water surface elevation at different locations, the available data showed very poor correlation between rainfall and ground surface movement. The relation between borehole water surface elevation data and ground surface movement data was somewhat better, but the degree of relation varied with different boreholes. A 3D groundwater flow model of the study site was prepared. Based on the results of this model, 3D pore water pressure at the slip surface of the N2-2 block was calculated for a particular case. The study found better correlation between 3D pore water pressure and creeping movement at the Nuta-Yone Landslide Site. The low fluctuation in the equivalent three-dimensional factor of safety of the N2-2 block illustrated the reason for the low correlation between the basic hydrological parameters and ground surface movement at creeping landslide sites. The following conclusions were drawn based on the results of this study: a) Due to creeping nature of landslides at the Nuta-Yone Landslide Site, slope soil keeps moving even when there is no rainfall, or even if water surface elevations at boreholes keep falling, as long as the FOS of the hill slope is within the creep movement range. b) The relation between borehole water surface elevation and ground surface movement at the NLS is weak. So, predicting the landslide potential based on measured hydrological data at a few landslide locations will not be very reliable. c) Three-dimensional groundwater flow modeling of a hill slope can integrate the effects of variations in multiple hydro-geological parameters. The three-dimensional pore water pressure of the sliding mass, obtained from the results of the model, seems to be a better indicator of the potential of movement of a creeping landslide, compared to other hydrological parameters.
Figure 9 Rainfall and factor of safety at the N2-2 block.
